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Abstract
The vortical flow originated from the tip of a NACA 0012 rectangular wing is described in its initial formation and
development over a rounded and a squared tip. Smoke visualizations show the rolling-up kinematic and evolution of
the vortical systems moving the plane towards the trailing edge. The presence of intense secondary vortices aects
the primary vortex unsteadiness and shape during the formation and in the early wake. Stereoscopic Particle Image
Velocimetry is used to describe vorticity, axial velocity and turbulent kinetic energy distributions of the vortex during
the formation and in the early wake at dierent angles of attack of the wing. The rolling-up of the vorticity sheet
around the vortex system is strongly influenced by the vortex shape and the intensity of secondary vortices. Turbu-
lence coming from secondary structures and shear layers is wrapped into the roll-up of the vortex and high levels of
turbulence are measured in the vortex core. However, a laminar vortex core is observed for the lower angle of attack
in the early wake. Comparing the meandering of the vortex for the two wingtip geometries, two dierent sources
of the vortex fluctuation in the wake are identified: the interaction of secondary vortices moving around the primary
vortex and the rolling-up of the vorticity sheet. Lastly, measurements in the wake of the wing at zero incidence are
also presented showing a distinctive counter rotating vortex pair.
Keywords: Wingtip vortex, Smoke visualization, Stereoscopic Particle Image Velocimetry, Wingtip geometry,
Vortex merging
1. Introduction
It is well known that the flow behind a lifting sur-
face, such as a wing, results in a persistent and in-
tense pair of organized vortical structure called trail-
ing vortices or wingtip vortices. Whereas the evolu-
tion, the characteristics, the structure of these vortices
have been extensively investigated, its origin is often
misrepresented. Green [1] explains the occurrence of
the tip vortices in three distinctive and complimentary
ways. The first and commonly adopted considers the
pressure dierence between the wing pressure and suc-
tion surfaces which accelerates the fluid around the tip.
This movement, combined with the streamwise velocity
component, produces a vortical structure. A second and
more schematic explanation involves Helmholtz vortex
laws which present the tip vortices as the connections
between the bound vortex (net circulation around the
wing, from Kutta-Jukowski law) and the starting vor-
tex (matching of wing circulation when the wing starts
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to move, from Kelvin’s theorem). A third way to ex-
plain tip vortices is in terms of shear layer that exists
near the tip. The undisturbed flow and the flow over the
wing surfaces are not parallel which implies vorticity
approaching the tips. This mechanism allows for two
vortices of opposite sign behind each wingtip without
producing lift. However, what is observed is that the
trailing vortex is more complex than these mechanisms
and the flow at the wingtip involves development and in-
teractions of multiple vortical structures, shear layer in-
stabilities, three-dimensional separations and reattach-
ments; in the wake, rolling-up of the vorticity sheet,
vortex instabilities, decay and diusion, vortices inter-
action and merging are observed. Furthermore the for-
mation and development is strongly aected by several
factors such as wing geometry, tip geometry, wing load
distribution, vortex circulation and nature of the bound-
ary layer on the wing.
Moreover, many studies focused on the modifica-
tion and control of the vortex through wingtip devices
such as passive (static) methods based on changes in
the wing configuration (vortex generators, winglets,
wingtip mounted propellers, dierent tip geometries,
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splines, spoilers) and active (dynamic) methods. In
the latter devices, continuous or periodic controls are
adopted such as blowing, active Gurney flaps, bound-
ary layer separation control, active surface mount ac-
tuators. However, although many studies on wingtip
vortices have been conducted, studies on the detailed
flow physics are not that numerous. The complex three-
dimensional flow near the tip is not adequately de-
scribed, especially regarding the vortex unsteadiness
and the mechanism of vorticity transport from the near-
surface viscous layers into the concentrated trailing vor-
tex.
Chow et al. [2] presented a study on the initial roll-
up and early wake evolution of the tip vortex over a
rounded wingtip. The secondary and tertiary vortices
merges into the primary vortex within one chord from
the trailing edge of the wing and the form an axial-
symmetric vortical structure with axial velocity higher
then the freestream (jet-like). As Freymuth et al. [3]
stated, flow visualization seems to be the best approach
to obtain clues about complex vortical structures and
many studies on this phenomenon begins with flow vi-
sualizations [2, 4, 5]. Since the squared tip is a source
of singularities in theoretical or numerical analysis, the
study of flow over such geometry is particularly sig-
nificant [6]. Bailey et al. [7] adopted dierent experi-
mental techniques in order to investigate the evolution
of the vortex on a squared tip. The wingtip vortex was
found to be formed by three distinct co-rotating vortices.
Smoke visualizations performed by Katz and Galdo [5]
showed the complex multiple vortices structure and in-
teraction. Secondary vortices are formed on the side of
the wing and eventually they climb around the corner
contributing to the unsteadiness of the primary vortex.
PIV measurements on squared tip by Birch et al. [8]
confirmed the multiple vortices structure in the initial
rolling-up of the vortex and they showed both axial ve-
locity deficit and excess in the vortex centre at a distance
of 1.5 chords from the trailing edge. Karakus et al. [9]
concluded that the tip region is dominated by the strong
interaction between the multiple secondary vortices and
the primary vortex. Zuhal and Gharib [10] found this
interaction also in the wake up to 3 chords of distance
from the wing; they also found a correlation between a
higher fluctuation of the primary vortex location and the
presence of strong secondary vortices.
The randommovement of the vortex on the plane per-
pendicular to its axis is commonly known as meander-
ing or wandering and it can be attributed to a variety of
reasons including freestream turbulence, vortex insta-
bilities, perturbation due to the rolling-up shear layer
and unsteadiness originating on the model [11, 12].
Therefore, the understanding of mechanisms and eects
of these contributes to the meandering is crucial in the
correlation of dierent experiments and numerical anal-
ysis.
The meandering fluctuation is often identified and
subtracted from instantaneous flowfields before the av-
erage flow is evaluated [e.g. 13, 14]. However, this op-
eration does not completely eliminate turbulence in the
vortex flow which sources can be found in the bound-
ary layer, viscous wake (streamwise shear), vortex sheet
(lateral shear), vortex circulation and atmosphere [15].
The turbulence distribution in the vortex flow and the
evolution of the turbulence inside the vortex core has
been a matter of many experimental and theoretical
studies [e.g. 16, 17]. Phillips [18] described the relami-
narization process and the resulting solid body rotation
of the inner core as the result of high centrifugal forces
which dissipate the turbulence at a rapid rate. Cotel
and Breidenthal [19] presented a model for stratified en-
trainment so that turbulent diusion is limited and the
growth of the vortex is essentially dictated by molec-
ular viscosity. Chow et al. [20] presented high turbu-
lence level in and around the vortex core in the early
wake coming from the wingtip boundary layers being
wrapped during the roll-up of the vortex. They also
linked the generation of turbulence with the high radial
gradients of the axial velocity within the vortex core.
2. Experimental procedure
The wing model tested was a rectangular planform
with NACA 0012 profile, 0.76 m chord and 0.75 aspect
ratio. Squared and a rounded wingtips were tested. The
wing area with the round cap was around 7% greater
than the wing area with squared tip. The model was
mounted vertically on a circular plate on the floor allow-
ing the angle of attack to be adjusted by rotation about
the quarter chord, coincident with the middle plane of
the test section.
The reference systems adopted in these experiments
are sketched in Fig. 1. A fixed reference system x y  z
with origin at the trailing edge of the tip at angle of at-
tack  = 0, with x directed as the freestream, was used.
An additional coordinate x˜ with origin at the leading
edge and directed as the wing chord c was also adopted
for the experiments on the vortex formation on the wing.
Two experimental techniques were adopted and two
wind tunnels were used for the experiments: a low
speed open circuit wind tunnel for smoke visualizations
on the initial roll-up and formation of the vortex on the
wing; a subsonic return wind tunnel for Stereoscopic
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Figure 1: Experimental arrangement.
Particle Image Velocimetry on vortex formation on the
model and development in the wake.
2.1. Smoke visualization technique
Smoke visualizations were conducted in a purpose
built flow visualization wind tunnel with cross section
of 0.91 m by 0.91 m. The two tip geometries were
tested at a Reynolds number of 3,000 at 12 of angle
of attack. The smoke lines were illuminated with a con-
tinuous laser sheet of 2 mm thickness from a diode laser
(5 W power at 532 nm) which was shone from the top of
the test section and perpendicular to the freestream flow.
A high resolution camera (DALSA 2M30) of 1600 by
1200 pixels with 50 mm focal length lens and f -number
equal to 4 was mounted 1.5 chords downstream of the
trailing edge of the wing and it was used to capture the
initial roll-up and the wingtip vortex formation at sev-
eral locations along the chord. The exposure time was
set in a range between 1 and 400 ms so that the vortex
system was clearly visible.
The smoke tracer was Shell Ondina EL oil and high
pressure carbon dioxide was used as a propellant. The
smoke was injected through uniformly distributed ori-
fices of 1 mm of diameter and 6.35 mm step, drilled on
a pipe of 12 mm of diameter positioned vertically in the
centre of the test section inlet (1 chord upstream of the
leading edge of the wing). Pressure, density and veloc-
ity of the smoke at the orifices were set so that smoke
filaments did not show disturbances.
2.2. Stereoscopic Particle Image Velocimetry
The SPIV experiments were conducted in a low-
speed, closed-return facility with test section dimen-
sions of 2.65 m wide by 2.04 m high by 5.60 m long
and turbulence level of 0.4%.
Two CCD cameras of 11 Mpixels were mounted on
one side of the test section independently from the wind
tunnel and 200 mm focal length Nikon lenses were used
with f -number equal to 8. The angular stereoscopic
system in Scheimpflug condition was adopted, as de-
scribed by Zang and Prasad [21]; the angles between
cameras and object plane were between 40 and 47.
These values maintain low errors in the evaluation of
both the in-plane and out-of-plane velocity components
[22]. A double-frame/single-pulse method [23] was
used so that at each time step two images were recorded
by each camera in correspondence with two dierent
laser pulses. The time delay used was calculated fol-
lowing the method described by Giuni et al. [24] assum-
ing the maximum wind speed of the same order of the
freestream velocity which leads to a notional displace-
ment for the scaling velocity of 10 pixels. The light
source of the laser sheet was provided by a dual cavity
Nd:YAG laser with 532 nm wavelength. A laser guiding
arm was installed on a rail placed above the test section
which allowed two-dimensional translations and three
axes rotations. The laser sheet, of 3 mm of thickness,
was shone in the test section through a window on the
top by a divergent lens. Glare problems are common
when laser is used and they can limit the accuracy of
the results in the vicinity of objects. In order to avoid
glare o the model surface for the measurements on the
vortex formation on the wing, the triangular laser sheet
was rotated so that one edge was parallel to the wing
surface and at a distance from it of about 8 mm. Every
time the laser sheet was moved, the cameras were re-
adjusted (angles and separation) and a new calibration
was performed using a dual-plane calibration plate with
circular markers aligned with the laser sheet. A LaVi-
sion PIV system with DaVis v7.2 software was used for
calibration, image acquisition, laser control and stereo
cross-correlation. Multiple images of the calibration
grid at small, arbitrary rotations were taken according
to the PIV system instruction manual [25]. Correlation
coecients calculated by the calibration scheme were
satisfactory and within the system manufacturers guide-
lines. The stereo cross-correlation of the image pairs
was a double step process on an interrogation window of
64 by 64 pixels with 25% of overlap followed by other
two steps with interrogation window of 32 by 32 pix-
els with 50% of overlap leading to the calculation of
around 50000 vectors per frame with spatial resolution
between 0.18 and 0.23 percent of the chord, depending
on the streamwise location of the laser sheet.
The flow was seeded through a pipe mounted down-
stream the test section with olive oil particles generated
by a Laskin nozzle aerosol generator. The nominal peak
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Figure 2: Vortex at Re = 3000, x˜=c = 0:75 and  = 12 on rounded tip; wing section in gray.
in the probability density function of the olive oil par-
ticles size was at 1 m that corresponds, following the
procedure described by Adrian [26], to a particle diam-
eter between 1 and 2 pixels which is what Prasad et al.
[27] suggest to ensure a good quality in the images cor-
relation. The peak-locking eect in the velocity maps
was calculated by DaVis 7.2 and it was observed to be
well within the acceptable range [25] for both the in-
plane and the out-of-plane components of the velocity
vector.
The performance of the stereo PIV was benchmarked
by taking measurements of a uniform flow, for which
there were no significant velocity gradients across the
field of view. Absolute accuracy of the SPIV measure-
ments and the averaging process was evaluated to be
better than 3 percent, which is adequate for a quantita-
tive and comparative analysis of flowfields.
The wing was tested at a Reynolds number of
740,000 and angles of attack of 0, 4 and 12. Planes
perpendicular to the freestream at x˜=c = 0:5, 0:75 and
x=c = 0:25, 1 were investigated. Each test consisted
in the acquisition of 121 images pairs at a constant fre-
quency of 2 Hz. The scaling parameter for the velocities
was the freestream velocity and for the turbulent kinetic
energy (TKE) was the square of the freestream. The
vorticity was calculated from the non-dimensional ve-
locity field adopting an 8 points circulation method as
described by Rael et al. [28].
3. Results and discussion
3.1. Smoke visualization: vortex formation process
The smoke visualizations of the vortex over a
rounded and a squared tip are presented at dierent
planes perpendicular to the freestream (y z plane). The
pictures refer to the wing at an angle of attack of 12
and Reynolds number of 3,000. The length scale of all
theses images are the same and the wing section on the
pictures was added during the post-processing.
A typical smoke visualization of a wingtip vortex sys-
tem on a rounded tip is shown on Fig. 2. The dominant
flow is perpendicular to the laser sheet and it gener-
ates discontinuous smoke lines which are more evident
where the ratio between the cross-plane velocity and the
in-plane velocity is high. The thick smoke lines com-
ing from the top edge of the pictures are traces of the
curved smoke filaments that have left the smoke pipe
upstream the wing. If the smoke filaments did not bend,
they would appear as discrete dots on the laser plane.
The primary vortex is fed by the tip-crossing flow which
moves from the pressure surface (left) to the suction sur-
face (right) and forms a spiral around the primary vortex
centre. A counter-rotating secondary vortex is formed
at the foot of the primary vortex and a tertiary vortex
is also observed between the secondary vortex and the
tip-crossing flow.
With reference to the vortex evolution on the rounded
tip presented on Fig. 3, the tip-crossing flow from the
wing pressure surface is clear already at x˜=c = 0:30.
The adverse pressure gradient is not strong enough and
the radius not small enough to induce the separation of
the flow from the surface and a circulating flow is not
observed. However, a thickening of the boundary layer
can be inferred. Numerical experiments on a rounded
tip at similar conditions were performed by Duraisamy
[29] who confirmed the presence of not separated cross-
ing flow at an early stage of the vortex formation. The
vortex system is remarkably dierent at x˜=c = 0:40 and
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(b) x˜=c = 0:30. (c) x˜=c = 0:40.
(d) x˜=c = 0:50. (e) x˜=c = 0:60. (f) x˜=c = 0:70.
(g) x˜=c = 0:80. (h) x˜=c = 0:90. (i) x˜=c = 0:99.
Figure 3: Vortex evolution at Re = 3000 and  = 12 on rounded tip; wing section in gray.
0:50, where the separation of the crossing flow gen-
erates a clear vortical structure which is squeezed on
the surface. It was observed that the location of the
plane where the vortex first appears is strongly aected
by freestream conditions which generates an oscillating
starting point. A similar vortex structure over a rounded
tip was observed also by Chow et al. [2] at x˜=c = 0:61
for a Reynolds number of 4,600,000. At x˜=c = 0:60,
the tip vortex system is made up of three vortical struc-
tures. Along with the primary vortex, a counter-rotating
second vortex and a third vortex are formed. This vor-
tex system is clearly seen at x˜=c = 0:80 where the sec-
ondary and tertiary vortices are enclosed between a big-
ger round primary vortex and the plane streamlines of
the separated flow from the pressure side of the wing.
At x˜=c = 0:90, the reduction in the thickness of the
wing and the enlargement of the primary vortex pushes
the secondary and tertiary vortices outboard. Finally, at
x˜=c = 0:99, the secondary and tertiary vortices are not
bounded by the surface anymore but they wrap around
the primary vortex with the flow coming from the pres-
sure surface.
At this Reynolds number of 3000, the tip vortex sys-
tem on rounded tip is weakly time-dependent and the
primary, secondary and tertiary vortices are well iden-
tifiable. At a fixed plane they do not move around but
they form a stable multi-vortex system. At these condi-
tions, the spiral shape from the rolling-up of the pressure
surface is very clear.
On squared tip, the separation of the cross flow from
the pressure surface to the suction surface does not hap-
pen smoothly but it is forced by the sharp edges of the
wingtip. Therefore the number of vortices due to the
separation increases and their interaction generates a
time-dependent vortex system which enhances the mix-
ing of the spiral layers. In the flow visualizations, a
higher diusion of smoke in the core of a vortex gen-
erated by a squared tip is then expected compared to the
rounded tip case at the trailing edge.
The evolution of the tip vortex system over a squared
tip is presented in Fig. 4. At x˜=c = 0:20, four vortices
can be already identified. A first set of three vortices
formed by the pressure surface-tip sharp edge (top sur-
faces of Fig. 4) appears in a similar form of the vortex
system on rounded tip on Fig. 2. Another set of vor-
tices is formed from the suction surface-tip sharp edge
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(a) x˜=c = 0:20. (b) x˜=c = 0:30. (c) x˜=c = 0:40.
(d) x˜=c = 0:50. (e) x˜=c = 0:60. (f) x˜=c = 0:70.
(g) x˜=c = 0:80. (h) x˜=c = 0:90. (i) x˜=c = 0:99.
Figure 4: Vortex evolution at Re = 3000 and  = 12 on squared tip; wing section in gray.
(surfaces on the right side of Fig. 4) which encloses the
vortical structure that will become the primary vortex.
Initially the two sets seem to evolve independently of
each other and no sign of strong time-dependency is
observed. From x˜=c = 0:20 to x˜=c = 0:50 the vor-
tices grow and the first vortex system moves towards
the suction surface-tip edge stretching over the whole
tip area. Similarly, Francis and Kennedy [6] investi-
gated the flowfield around a squared tip of a rectangular
wing with NACA 64009 aerofoil at a Reynolds num-
ber of 385,000. At an angle of attack of 4, they did
not observe regions of reverse crossflow on the suction
surface for x˜=c < 0:60. However, a region of increas-
ing size of reverse flow on the tip side was shown. At
x˜=c = 0:60 the two vortex systems start to interact. The
vortices from the first system move to the suction sur-
face and they interact with the primary vortex modify-
ing its shape and increasing the mixing of the spiral lay-
ers. At a fixed plane, these vortices fluctuate from the
tip surface to the suction surface generating high level
of unsteadiness on the primary vortex. In Fig. 10, a col-
lection of snapshots is reported in order to highlight the
unsteadiness when the two vortex systems interact; po-
sition, size and shape of secondary vortices are observed
to vary rapidly. From x˜=c = 0:70, the primary vor-
tex is wrapped by vortices coming from the tip which
mix with the spiral layers. Several vortices, wrapping
around the primary vortex, can be counted at x˜=c = 0:80
and x˜=c = 0:90. At this stage, the spiral layers are lost
and the shape is dominated by the interaction with sec-
ondary vortical structures. At x˜=c = 0:99, the tip vortex
is shed from the wing as a strongly unsteady vortex sys-
tem which includes several secondary vortices.
It is believed that the kinematic of the tip vortex for-
mation for these two geometries remains the same for a
wide range of Reynolds number. Dye visualizations in
a water tank have been presented by Francis and Katz
[30] for a hydrofoil with squared tip at Reynolds number
in a range between about 30,000 and 1,400,000. They
observed similar multiple vortex structures and interac-
tions in their cases. Moreover, they attributed the for-
mation of secondary vortices as the flow separates at
the pressure surface-tip edge close to the trailing edge
to shear layer eddies.
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(a) Axial velocity at x˜=c = 0:50. (b) Vorticity at x˜=c = 0:50. (c) TKE at x˜=c = 0:50.
(d) Axial velocity at x˜=c = 0:75. (e) Vorticity at x˜=c = 0:75. (f) TKE at x˜=c = 0:75.
Figure 5: Squared tip at  = 12 and Re = 740; 000; wing section in gray.
3.2. SPIV: vortex formation and near wake
SPIV measurements on planes perpendicular to the
freestream were performed for the two tip geometries
at angles of attack of 0, 4 and 12. The laser sheet
was positioned for the measurements on the wing at
x˜=c = 0:5   0:75 and in the wake at x=c = 0:25   1.
The Reynolds number was 740,000. The averaged vec-
tor fields are reported on y   z planes which are scaled
by the chord. Non-dimensional axial velocity (velocity
component parallel to the freestream), planar vorticity
(vorticity component parallel to the freestream) and tur-
bulent kinetic energy are presented.
Even though a widely accepted definition of a vortex
has not been found yet, in particular regarding the study
of coherent structures in turbulent flows [31, 32, 33, 34],
wingtip vortices present a structure which is well iden-
tifiable. Rotation of a large portion of fluid around a
common centre and a region of high vorticity within
the vortex core (hence net circulation) are major ele-
ments of trailing vortices. Many studies have dealt with
the centering of instantaneous planar measurements of
a vortex, in particular when taking into account of the
meandering. Ramasamy et al. [14] showed in detail
how dierent aperiodicity correction methods applied
on each vector field measured by a SPIV before the av-
erage is taken aect the description of a rotor tip vortex.
The helicity peak correction method was seen to per-
form better than the vorticity peak, axial velocity peak,
Q-criterion and zero in-plane velocity in the estimation
of the swirl velocity peak, axial velocity peak and vor-
tex core radius. Giuni and Benard [35] pointed out that
the particular feature of the vortex which is studied also
determines the choice of the centering method. This is
especially true in the very near field where the vortex
does not show a developed axisymmetric structure. Be-
cause the focus of the current study is on the rolling-up
of the wake and in particular of the vorticity sheet shed
by the trailing edge, no centering method was applied
on the current measurements.
In Fig. 5, contours of axial velocity, vorticity and tur-
bulent kinetic energy are shown on planes at x˜=c = 0:5
and x˜=c = 0:75 for the squared tip at  = 12 where the
left side of the figure is the region not illuminated by
the laser. The axial velocity (Figs. 5a and 5d) presents
a pocket of jet-like fluid in correspondence of the cen-
tre of the vortex on both the planes. Regions of wake-
like fluid come from the tip region and roll around the
primary vortex. Lee and Pereira [36] observed a sim-
ilar flowfield and they concluded that a region of jet-
like fluid is always formed in the centre of the vortex.
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(a) Rounded tip at  = 0. (b) Rounded tip at  = 4. (c) Rounded tip at  = 12.
(d) Squared tip at  = 0. (e) Squared tip at  = 4. (f) Squared tip at  = 12.
Figure 6: Axial velocity at x=c = 0:25 and Re = 740; 000.
(a) Rounded tip at  = 0. (b) Rounded tip at  = 4. (c) Rounded tip at  = 12.
(d) Squared tip at  = 0. (e) Squared tip at  = 4. (f) Squared tip at  = 12.
Figure 7: Vorticity at x=c = 0:25 and Re = 740; 000.
8
Figure 8: Vortex meandering at  =
12 and Re = 740; 000.
(a) Squared tip. (b) Rounded tip.
Figure 9: TKE in the wake at x=c = 0:25,  = 12 and Re = 740; 000.
They described this process as strongly dominated by
the interaction of the vortex with the wing and the sur-
rounding flow and therefore as function of several of
parameters (i.e. tip geometry, multiple vortex structure,
wing span, angle of attack, circulation and boundary
layer properties). The jet-like flow region is then en-
trained by the shear layer and the wing wake during its
formation and, depending on the tip vortex system in-
tensity and structure, may develop into a wake-like flow
as it progresses downstream. In the vorticity contours of
Figs. 5b and 5e, the primary vortex shape can be clearly
observed where a negative peak identifies its core. The
rolling-up of the flow coming from the pressure surface
can also be seen and another region of negative vortic-
ity is detected in correspondence to secondary vortices
from the tip where a wake-like fluid is recorded. On
Figs. 5c and 5f, a high turbulence level region is ob-
served in the vortex core. High turbulence is also ob-
served for the flow from the tip region.
The axial velocity and the plane vorticity in the early
wake of the wing with squared and rounded tip are re-
ported respectively on Fig. 6 and on Fig. 7. At an inci-
dence, the rolling-up of the vorticity sheet shed by the
trailing edge of the wing, characterized by a low axial
velocity, is observed. From a rounded tip, the vortex
shows a more organized structure (i.e. axisymmetric)
and a larger vorticity at the centre compared to the vor-
tex formed by the wing with squared tip. The shape
of the vortex from the squared tip is dominated by the
interaction of the primary vortex with the numerous sec-
ondary vortices. A region of mean positive vorticity
is located above the primary vortex and indicates the
main counter rotating secondary vortex. The shape of
the rolling-up vorticity sheet is strongly aected by the
presence of this secondary vortex, as observed in the ax-
ial velocity contours. For an incidence of 12, the vortex
centre presents an axial velocity excess, higher for the
rounded tip, surrounded by a region of axial velocity de-
fect which is related to the vorticity sheet, as described
by Giuni et al. [37].
Instantaneous vorticity fields of the vortex system
generated by a wing with squared tip are presented
in Fig. 11. A chaotic and intense interaction between
primary vortex, vorticity sheet and secondary vortices
is observed. The primary vortex position and shape
change over the time induced by the main secondary
vortex (counter-rotating structure above the primary
vortex), other secondary vortices and the rolling-up vor-
ticity sheet. The vortex meandering is evaluated by cal-
culating the fluctuation of the primary vortex centre de-
fined as the location of the streamwise helicity peak.
The meandering of the vortex at dierent positions in
the wake behind squared and rounded tips is reported
on Fig. 8 as percentage of the chord length. The mean-
dering of the vortex behind a squared tip is higher than
the meandering behind a rounded tip. However, oppo-
site trends of the meandering moving downstream in the
wake are observed. The meandering behind the squared
tip decreases with the distance from the trailing edge
suggesting that the main source of the wandering in the
very early wake come from the interaction of the in-
tense secondary vortices, as observed also by Zuhal and
Gharib [10], which dissipate and are then absorbed by
the primary vortex. Conversely, the meandering from a
wing with rounded tip in the early wake is dominated
by the essentially inviscid smoothing out process of the
spiral vorticity sheet and it grows almost linearly with
the distance as observed by Devenport et al. [13].
In the formation of the vortex on the wing, turbulence
coming from the tip-crossing flow is entrained during
the roll-up. Consequently, the vortex core in the very
early wake at x=c = 0:25 is turbulent for both the ge-
ometries as observed in Fig. 9 for  = 12. The turbu-
lence of the wake sheet can also be observed as a verti-
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cal turbulent region. The turbulence peak is located at
the centre of the vortex and similar values are found for
the two tip geometries. For  = 4, almost zero turbu-
lence was measured in the whole velocity field which
indicates an already relaminarized flow. Jiang et al. [38]
found that the turbulent shear layer and the interaction
between the primary and the secondary vortices are ma-
jor sources of the turbulent activity in the core which are
more intense for the higher angle of attack. As the vor-
tex for  = 12 moves downstream and develops into an
axisymmetric flow, a relaminarization of the vortex core
and a consequent lowering of the turbulence is then ex-
pected. Devenport et al. [13] reported fluctuations in the
vortex core in a range between 5 and 30 chords from the
wing and they attributed these fluctuations to inactive
motions produced by turbulence from the surrounding
wake or by wandering and not by turbulence in the vor-
tex core which was laminar.
At zero angle of incidence (thus no lift), the squared
tip generates a symmetric wake formed by two opposite
vortices of the same order of the secondary vortex for
the wing at an incidence (Figs. 6d and 7d). This phe-
nomenon is described by Green [1] as the consequence
of the non-parallelism of the vectors of the freestream
velocity and the flow over the wing surface which im-
plies two vorticity sources of opposite sign and same
magnitude. The two vortices are formed on the two
wing surfaces and they are fed by the flow on the tip side
forced to a separation by the sharp edges. At x=c = 0:25,
the vortex pair does not show a remarkable asymmetry.
For the rounded tip (Figs. 6a and 7a), the wake shows a
smaller and weaker vortex pair at the edge of the vor-
ticity sheet. The importance of this phenomenon in the
initial formation of the wingtip vortex is underestimated
and only few mentions can be found in the literature.
Although the tip geometries tested in this work are very
simple, they highlight the complexity and basics of this
fundamental mechanism of vortex formation providing
an important benchmark for numerical analysis on the
flow around wingtips.
4. Conclusions
The study of the formation and early wake of
a wingtip vortex formed over squared and rounded
wingtips has revealed two dierent causes of the vor-
tex meandering depending on the wingtip geometry.
Squared tips present two sharp edges and produce a
multiple vortex structure with highly unsteady sec-
ondary vortices. These vortices highly contribute to dis-
turb the primary vortex generating more unsteadiness
on the model and in the early wake. The unsteadiness
of the primary vortex due to the interaction with sec-
ondary vortices is the main source of the meandering
and it decreases with the distance from the trailing edge
as the secondary vortices dissipate. A vortex formed by
a wing with rounded tip presents fewer and less intense
secondary vortices than one from a squared tip and it
reaches axisymmetric flow condition at an earlier stage.
However, the main source in the meandering for this
geometry is related to the vorticity sheet which rolls-up
around the vortex as it moves downstream, so that the
fluctuations increase with the distance from the trailing
edge. The importance of relating the vortex formation,
and so the wingtip geometry, with the unsteadiness in
the wake is one of the key steps of vortex control de-
vices.
During the formation of the vortex on the wing, tur-
bulence coming from the tip-crossing flow is entrained
in the vortex core resulting in a turbulent core in the
early wake. For low vortex intensity, hence small radial
gradients of the axial flow, the relaminarization process
rapidly dissipates the turbulence in the core downstream
of the trailing edge. The turbulence production during
this process is directly linked to the radial gradient of the
axial flow, as found by Chow et al. [20]. The direction
of the axial flow and its intensity, jet-like or wake-like,
plays therefore a crucial role in the early evolution of
the wingtip vortex.
An important mechanism in the wingtip vortex for-
mation is highlighted at zero incidence of a wing with a
symmetric profile where a counter-rotating vortex pair
is generated. The numerical simulation of this vor-
tex system, which is more intense and distinct for the
squared tip, is suggested as benchmark for numerical
codes aiming to describe the flow physics of the forma-
tion and early wake of wingtip vortices.
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